Abstract: Aldehyde oxidoreductase from Desulfovibrio gigas (DgAOR) is a member of the xanthine oxidase (XO) family of mononuclear Mo-enzymes that catalyzes the oxidation of aldehydes to carboxylic acids. The molybdenum site in the enzymes of the XO family shows a distorted square pyramidal geometry in which two ligands, a hydroxyl/water molecule (the catalytic labile site) and a sulfido ligand, have been shown to be essential for catalysis. We report here steady-state kinetic studies of DgAOR with the inhibitors cyanide, ethylene glycol, glycerol, and arsenite, together with crystallographic and EPR studies of the enzyme after reaction with the two alcohols. In contrast to what has been observed in other members of the XO family, cyanide, ethylene glycol, and glycerol are reversible inhibitors of DgAOR. Kinetic data with both cyanide and samples prepared from single crystals confirm that DgAOR does not need a sulfido ligand for catalysis and confirm the absence of this ligand in the coordination sphere of the molybdenum atom in the active enzyme. Addition of ethylene glycol and glycerol to dithionite-reduced DgAOR yields rhombic Mo(V) EPR signals, suggesting that the nearly square pyramidal coordination of the active enzyme is distorted upon alcohol inhibition. This is in agreement with the X-ray structure of the ethylene glycol and glycerolinhibited enzyme, where the catalytically labile OH/OH 2 ligand is lost and both alcohols coordinate the Mo site in a η 2 fashion. The two adducts present a direct interaction between the molybdenum and one of the carbon atoms of the alcohol moiety, which constitutes the first structural evidence for such a bond in a biological system.
Introduction
The enzymes of the xanthine oxidase (XO) family are a distinct type of protein that contains molybdenum in a mononuclear form in the active site. The enzymes of this family generally catalyze hydroxylation reactions where, unlike other hydroxylases, water rather than dioxygen is the source of the oxygen atom that is inserted into substrate.
1,2
The active site in the enzymes of the XO has been extensively characterized and it has been shown that the Mo atom in its oxidized form is in a distorted square pyramidal coordination with two S atoms from one pyranopterin, a sulfido ligand and a OH/OH 2 molecule in equatorial positions, and an oxo ligand in the apical position ( Figure 1a) . [3] [4] [5] The OH/OH 2 ligand (hereafter the OH x ligand) occupies the catalytic labile site of the protein, where substrate and inhibitors such as arsenite bind the molybdenum atom. [6] [7] [8] [9] The sulfido ligand is essential for catalysis and can be removed by cyanide treatment to give the inactive desulfo form of the enzyme (Figure 1b) . 10 The currently most accepted reaction mechanism implies a base-assisted nucleophilic attack on the carbon atom to be hydroxylated by the OH x ligand and concomitant hydride transfer to the sulfido † Universidade Nova de Lisboa. ‡ Universidad Nacional del Litoral. § Present address: Department of Photochemistry and Molecular Science, Uppsala University, P.O. Box 523, S-751 20 Uppsala, Sweden.
(1) Hille ligand, 6, [11] [12] [13] where the nearby glutamic acid residue acts as base for the proton of the OH x ligand, enhancing its nucleophilic character. Structures of the most relevant intermediates of this proposal are given in Figure 1d 14 It involves addition of the substrate CH group across the ModS bond, a reaction with chemical precedent, 15 and simultaneous proton abstraction by the sulfido ligand. This reaction is proposed to be initiated through an electrophilic attack by Mo on the substrate C atom and attack by the OH x ligand to give the product of the reaction (a CdO group) coordinated to Mo in a η 2 fashion. This proposal was later criticized by Manikandan et al., whose analysis of the ENDOR data does not support the existence of a direct Mo-C bond in the "very rapid species", thus favoring the first mechanism. 16 Aldehyde oxidoreductases (AOR) from sulfate-reducing bacteria (SRB) are members of the XO family of mononuclear Mo-enzymes that catalyze the two-electron oxidation of aldehydes to their respective carboxylic acids. The 3D structure of AOR from DesulfoVibrio gigas (DgAOR) was the first crystallographic structure reported for a member of this family 17 and the first to be structurally characterized at near atomic resolution (1.28 Å) (the term native structure will be used to refer to this structure). 18 In contrast to xanthine oxidoreductase 6 and quinoline 2-oxidoreductase, 19 there is no structural evidence supporting the presence of a sulfido ligand coordinated to the Mo atom in active forms of AORs from SRB. However, its presence was suggested from spectroscopic studies, mainly electron paramagnetic resonance (EPR), since DgAOR shows the typical Mo(V) EPR signals detected in the XO family of enzymes. The "rapid"-type Mo(V) EPR signals associated with the presence of the sulfido ligand were observed in AOR from the DesulfoVibrio genus. 20 In addition, the Mo(V) EPR signals associated with desulfo forms of XO, such as the "slow"-type signal and the signal obtained upon ethylene glycol (EDO) addition, were also observed. [20] [21] [22] [23] On this basis, it was assumed that AORs from SRB and XO family enzymes have similar active sites and that both would experience the same changes upon reaction with substrates, inhibitors, and reducing agents. Because the structural data of DgAOR did not show the sulfido ligand coordinated to Mo, it was assumed that the enzyme crystallizes in the desulfo inactive form (Figure 1b) . 17, 18 A similar conclusion was obtained for the XO family member 4-hydroxybenzoylCoA-reductase (4-HBCR), for which structural data do not show evidence for the sulfido ligand, 24 although its presence was suggested by kinetic and spectroscopic data. 25 Studies on desulfo forms of distinct XO family members showed that the cyano- lyzable sulfido ligand can be reinserted with regain of the enzyme activity. 26 A crystallographic structure of "resulfurated" DgAOR showed that a sulfido ligand can be introduced by soaking native crystals with sulfide ions. 11 However, in contrast to that observed in xanthine oxidoreductase 6 and quinoline 2-oxidoreductase, 19 the sulfido ligand was found in the apical position of the molybdenum site, 11 suggesting that the inclusion of the sulfur atom in DgAOR might be the consequence of an unspecific reaction caused by the resulfuration conditions.
As reported elsewhere, several inhibitory agents of the XO family of enzymes such as arsenite, ethylene glycol, and glycerol (GOL) interact directly with the molybdenum site to yield stable Mo(V) complexes. 7, 8, 23, 27 These inhibited forms are important to understand changes in the coordination of the active site and the integrity of the electron transfer chain upon inhibition. In previous structural and EPR studies of arsenite-inhibited DgAOR, a correlation between structural and EPR properties of the Mo center was established. 7, 8 The major findings of these studies were to elucidate the interaction between the inhibitory arsenite ion and the molybdenum atom ( Figure 1c ) and to establish that the sulfido ligand is not essential to determine the EPR properties of the arsenic-bound molybdenum center. Particularly, the latter raised some doubts about the presence of the sulfido ligand in active DgAOR.
In this paper, we report steady-state kinetic, X-ray crystallographic, and EPR studies of DgAOR. The kinetic studies were carried out with cyanide, EDO, GOL, and arsenite in order to compare the behavior of DgAOR and XO toward these inhibitor agents. X-ray crystallographic and EPR studies of GOL-and EDO-inhibited DgAOR were performed to understand the mode of interaction of the alcohol molecule on inhibition. Analysis of all these results contributes to a better understanding of the interaction mechanism between the enzyme and the different inhibitor molecules and to establish whether the sulfido ligand is present in the coordination sphere of the Mo atom of DgAOR.
Experimental Section
Protein Purification and Quantification. DgAOR was purified as described elsewhere. 28, 29 Protein quantification was performed using either the Bradford method 30 with bovine serum albumin as standard or using the molar absorption coefficient at 462 nm (ε ) 24.6 mM -1 cm -1
). Enzyme Kinetic Assays. Steady-state kinetic studies of DgAOR were performed aerobically at 310 K by measuring the rate of 2,6-dichlorophenol-indophenol (DCPIP) reduction at 600 nm (ε ) 21 mM
) in a 1 cm optical path length cell containing the following reaction mixture: 50 mM Tris-HCl buffer (pH 7.6), 35 µM DCPIP, 500 nM enzyme, and benzaldehyde as substrate. Concentrations of 5-200 µM benzaldehyde were assayed and initial rates were obtained for the determination of kinetic constants. In all assays, the substrate was the last component to be added, after 5 min equilibration of the protein with the electron acceptor. Under these experimental conditions, one enzymatic unit (U) corresponds to 1 µmol of benzaldehyde oxidized per min and the specific activity is U/mg of enzyme.
Inhibition assays toward different agents followed by dialysis were performed to evaluate reversibility. Samples of 30 µM DgAOR were incubated for 2 h at room temperature with 50 mM potasium cyanide, 1 mM EDO, 1 mM GOL, and 24 µM sodium arsenite, respectively, all in 100 mM Tris-HCl buffer, pH 7.6. At these inhibitor concentrations and after 10 min incubation, inhibition is significantly detected. After 2 h incubation, the inhibitors were separated from the enzyme samples by ultrafiltration (Centricon Ultra 30 K) (five dilution-concentration cycles), and the activity was measured again. As-prepared DgAOR was used as a control. The same procedure was applied to bovine milk xanthine oxidase purchased from Sigma (reference X4500) and cyanide using the kinetic assay described for DgAOR but replacing benzaldehyde for xanthine.
Kinetic studies of reversible inhibition reactions were performed as for the as-prepared enzyme. The reaction mixtures were set as described above and the reaction was started adding the inhibitor and the substrate simultaneously using the concentrations reported in the Supporting Information. Enzyme kinetic constants were determined as explained in refs 31 and 32.
Sample Preparation for EPR Spectroscopy. EDO-and GOL-Inhibited Samples. As-prepared DgAOR samples (200 µM in 10 mM Tris-HCl buffer pH 7.6) were reduced for 20 min under argon atmosphere using a 50-fold molar excess of sodium dithionite to yield the "slow" EPR signal. 29 Then, a large excess of the inhibitor (1 M) was added to the fully reduced sample still under an argon atmosphere. Finally, the sample was incubated for 4 h at 4°C. EDO-and GOL-inhibited DgAOR samples were set as described above using both H 2 O-and D 2 O-based buffers (pD was corrected using a DCl solution). Reoxidation of these inhibited samples was performed by exposure to air at 4°C until no EPR signals from the [2Fe-2S] centers could be observed at low temperatures.
Cyanide-Inhibited Samples. As-prepared DgAOR (200 µM in 10 mM Tris-HCl buffer pH 7.6) were incubated with 10 mM cyanide for 10 min at 4°C and then reduced with dithionite for 20 min at 4°C. In a parallel assay, cyanide in the same concentration was added to a DgAOR sample showing the slow-type signal obtained as described above.
Experimental and Computer-Simulated EPR spectra. EPR spectra were recorded on a Bruker EMX spectrometer equipped with a rectangular cavity (model ER 4102ST) and an Oxford Instruments continuous flow cryostat. Spectra were recorded between 20 and 140 K at 9.5 GHz. The microwave power used was 2 mW at temperatures of 100 K or above and 0.06 mW below 100 K. The 100 kHz modulation amplitude was 2 G. Computer simulations of the spectra were performed using the program WIN-EPR Simfonia.
Crystallization and Soaking Procedures. DgAOR was crystallized as described before using the sitting-drop vapor-diffusion method. 33 Crystallization drops were prepared by adding 4 µL of protein at 10 mg/mL in 10 mM Tris-HCl buffer (pH 7.6) to 2 µL of precipitating solution containing 30% 2-propanol, 0.2 M magnesium chloride, and 0.2 M HEPES buffer (pH 7.6). Dark red, ruby-shaped crystals grew to their maximum size of 0.3 × 0.2 × 0.2 mm in 2-3 weeks at 4°C. In order to stabilize the crystals, a solution of a harvesting buffer (HB1) containing 30% (w/v) polyethylene glycol 4000, 30% 2-propanol, 0.2 M magnesium chloride, and 0.2 M HEPES buffer was prepared. HB1 was slowly added to the crystal drops for at least 48 h. Since one of the aims of this study was to analyze the interaction of ethylene glycol and glycerol with the active site, 2-propanol, present in the active site of the native structure, had to be removed. Hence, a second harvesting buffer (HB2) was prepared with no 2-propanol, containing 30% (w/v) polyethylene glycol 4000, 0.2 M magnesium chloride, and 0.2 M HEPES buffer. HB2 was carefully added to the drops in order to replace the precipitating solution and HB1. After 3 days, crystals were transferred to a new drop of HB2 alone.
Stabilized and 2-propanol free DgAOR crystals were soaked with a third harvesting buffer solution containing either EDO (HB3EDO) or GOL (HB3GOL). HB3EDO was prepared with 30% (w/v) polyethylene glycol 4000, 0.2 M magnesium chloride, 0.2 M HEPES buffer, and 40% (w/v) EDO, while HB3GOL was prepared by addition of 50% (w/v) GOL to HB2 to a final concentration of 10% (w/v). In both cases, crystals were left in these solutions for 3-4 days and flash frozen for data collection.
Data Collection, Structure Determination, and Refinement. Two data sets of the flash-frozen soaked crystals were collected at ID14-3 of the European Synchrotron Radiation Facility (ESRF, Grenoble, France), one for the EDO soak (EDO data set) and a second for the GOL soak (GOL data set). The crystals diffract to beyond 1.8 Å resolution and belong to the same space group as the native crystals, with similar cell constants. MOSFLM 34 and SCALA 35 from the CCP4 suite 36 were used to process the data, which are summarized in Table 1 .
Structure determination was performed with PHASER, 37 using the molecular model obtained at 1.28 Å resolution (PDB accession code 1VLB). 18, 38 A density modification protocol was applied using DM, 39 giving good initial phases with ca. 0.7 mean figure of merit and 50% solvent content. Restrained refinement was performed with REFMAC 5.2, 40 and the ligands of the molybdenum atom were not included in the initial cycles. Inspection of the electron density maps using COOT 41 and repeated cycles of refinement allowed identification in each structure of the alcohols, EDO and GOL, respectively, coordinated to the metal ion. COOT was also used to generate water molecules, most of these in accordance with the 1VLB structural model.
In the last stages of refinement, temperature factors were refined anisotropically for the molybdenum, iron, sulfur from the two [2Fe-2S] clusters, chloride, and magnesium atoms and isotropically for the remaining protein and solvent atoms. In both data sets, R-work and R-free converged to approximately 15% and 19%, respectively, and geometrical validation was carried out by several programs such as PROCHECK, 42 STAN, 43 and MOLPROBITY. 44 Analysis of the Ramachandran plot showed that 99.3% of the protein residues are in most favored or additionally allowed regions, while only a small fraction of residues, 0.7%, are in generously allowed or disallowed regions of the plot. Refinement statistics are summarized in Table 2 . Coordinates and observed structure factor amplitudes of EDO-and GOL-inhibited forms of DgAOR have been deposited in the Protein Data Bank under the accession codes 3FC4 and 3FAH, respectively.
Results
Kinetic Studies. The reaction of DgAOR with benzaldehyde follows a Michaelis-Menten mechanism with kinetic parameters K M ) 9.7 ( 0.5 µM, V max ) 0.0337 ( 0.0004 µmol/min, and k cat ) 1.12 ( 0.01 s -1 ( Figure S1 in Supporting Information). Similar values were reported for other AORs from SRB with the same substrate. [21] [22] [23] Kinetic assays followed by dialysis were performed to determine whether the inhibition with EDO, GOL, cyanide, and arsenite is reversible or not. At the indicated inhibitor concentrations after 10 min incubation, the percentages of remnant activity for each inhibitor were 78.1 ( 0.4 for EDO, 48 ( 3 for GOL, and 69.1 ( 0.1 for cyanide; no activity was detected for arsenite. It is important to note that the cyanide concentration used to inhibit DgAOR is ∼10 times the concentration used to produce cyanolysis of the sulfido ligand in XO, 10 whereas the arsenite concentration was similar to that used in XO. 45, 46 After dialysis, the arsenite-inhibited sample remains inactive, indicating that arsenite is an irreversible inhibitor. In contrast, the percentages of remnant activity of the EDO-, GOL-, and cyanide-treated samples are near to the control value, 98.8 ( 0.5, 94.0 ( 0.4, 99.5 ( 0.1, respectively, confirming the reversible behavior of these inhibitors. When the same protocol was applied to bovine milk xanthine oxidase and cyanide, no activity toward xanthine was detected after removal of the inhibitor, which confirms the efficiency of the method used to test the inactivation of DgAOR. 
The inhibition type of the three reversible inhibitor agents was also studied. Cyanide displays a competitive inhibition pattern ( Figure S2 , Supporting Information, K iC ) 6.6 mM). EDO shows a mixed inhibition pattern ( Figure S3 , Supporting Information, K iC ) 1.9 mM and K iU ) 6.4 mM) and GOL a competitive inhibition pattern ( Figure S4 , Supporting Information, K iC ) 26.8 mM).
The above-reported results show that compounds that irreversibly inactivate several proteins of the XO family do not have the same effect on DgAOR. To determine if the crystallized desulfo form of DgAOR is active toward benzaldehyde, kinetic studies of enzyme samples prepared from dissolved single crystals were performed. An as-isolated sample of DgAOR, showing a specific activity of 2.1 U/mg, was crystallized as explained in the Experimental Section. Approximately 40 crystals of DgAOR were dissolved in 10 mM Tris-HCl pH 7.6 and assayed for kinetic activity. The kinetic assay of this enzyme sample displays a specific activity of 2.8 U/mg, which is slightly higher than that of the original one due to the higher purity of the crystallized enzyme. This demonstrates that the crystallized form of DgAOR, which has no sulfido ligand coordinated to the molybdenum atom, 18 is catalytically competent. During incubation, a mixture of the slow-type signal (g 1 ∼ g 2 ) g ⊥ ) 1.970 and g | ) 1.959) and the corresponding one for each alcohol-inhibited sample was observed (the larger the incubation time, the higher the ratio between the signal obtained on alcohol addition and the slow-type signal, not shown). Air exposure of these samples shows EPR signals with the same g-values but smaller line widths, indicating that the corresponding Mo(V) species are stable in the redox potential range of +50 mV (value obtained after air reoxidation) and -400 mV (value obtained for the dithionite-reduced sample followed by alcohol addition). Minor features observed in both spectra correspond to the hyperfine structure given by the nuclear spin of the 95 Mo and 97 Mo isotopes (I ) 5/2, natural abundancy 15.90% and 9.60%, respectively) and to a small component corresponding to the slow-type signal, which was only detected in the sample reacted with EDO. The spectra obtained in D 2 Oexchanged samples show g-values similar to those obtained in normal water and do not show hyperfine structure attributable to solvent exchangeable protons (not shown). Similar results were reported for milk XO. 27 The spectra at 20 K in Figure 2 show, in addition to the Mo(V) signal, the EPR signals associated with the proximal (FeS1, g 1 ) 2.023, g 2 ) 1.938, g 3 ) 1.919) and the distal (FeS2, g 1 ) 2.060, g 2 ) 1.9979, g 3 ) 1.900) iron-sulfur centers present in the structure of DgAOR. 17 These spectra have g-values and temperature dependence (not shown) similar to those observed in dithionite-reduced DgAOR (and other AORs from SRB) and show the g 1 splitting associated with the magnetic coupling between FeS1 and FeS2 (the g 1 feature of the FeS1 signal shows a splitting of ∼16 G; see Figure 2) . 3 This indicates that neither the structure nor the chemical paths connecting FeS centers are affected on inhibition. The spectra at 20 K show also that the Mo(V) signal is split by magnetic interaction with FeS1, as usually observed in the proteins belonging to the XO family. The splitting of the slow signal in AORs from SRB is nearly (a) EPR signals obtained after ethylene glycol addition to a dithionite-reduced DgAOR sample (solid lines) and simulations (dash lines). The spectra labeled "red" correspond to a sample incubated for 4 h in anaerobic conditions, and the spectrum labeled "reox" is obtained after air exposure of the "red" sample. The asterisks indicate resonance lines from the slow-type signal. EPR parameters for simulation of the "reox" signal were g 1 ) 1.9785(4), g 2 ) 1.9723(4), and g 3 ) 1.9681 (4) . Line width in gauss in parentheses. The same g-values were used for the "red" signal, except the line widths (5.5, 5, 6 G). (b) As for part a but with glycerol. EPR parameters for simulation of the "reox" signal were g 1 ) 1.9774(4), g 2 ) 1.9728(4), and g 3 ) 1.9665(4). Line width in gauss in parentheses. Similar g-values were used for the "red" signal, except the line widths (4.5, 4.5, 6 G). The three g-values of the FeS1 EPR signal are indicated with arrows. The split slow-type EPR signal obtained in a D 2 O-exchanged sample of DgAOR is included for comparison (g 1 ∼ g 2 ) g ⊥ ) 1.970 and g | ) 1.959). The splitting of the g ⊥ and g | features is indicated on the figure. isotropic, ca. 12 G (Figure 2) . 3 The Mo(V) signal splitting of the alcohol-inhibited enzyme is more anisotropic (Figure 2 , spectra at 20 K), but one can roughly estimate that the isotropic coupling is ∼2 times larger than the one for the slow-type signal in both alcohol-inhibited samples. Magnetic couplings between two paramagnetic centers showing different relaxation times give temperature-dependent splitting of the resonance lines of the center relaxing slower. [48] [49] [50] For the case of the slow-type signal, the nearly isotropic splitting is completely averaged out at temperatures ∼100 K or above [FeS1 relaxes faster than Mo(V)]. [21] [22] [23] This is not the case of the alcohol-inhibited DgAOR signals (Figure 2) , which demonstrates that the larger line width of the "red" signals with respect to the "reox" signals at 140 K is due to the larger magnetic coupling between Mo(V) and FeS1 centers.
EPR Spectroscopy of DgAOR
EPR spectra of cyanide-inhibited DgAOR show no significant differences with those obtained from as-isolated samples in similar conditions (not shown). Dithionite reduction of cyanideinhibited DgAOR gives rise to a mixture of the "rapid-type 2" signal (g 1 ) 1.988, g 2 ) 1.970, g 3 ) 1.964) and the "slow"-type signal right after reductant addition and only to the slowtype signal after 20 min incubation. Cyanide addition to dithionite-reduced DgAOR does not modify either the line shape or intensity of the slow-type signal. This indicates that no enzyme-inhibitor interaction can be detected using EPR in these experimental conditions.
Structural Data. The two AOR structures determined are very similar to each other as well as to the native structure 17, 18 and a Higher resolution limit of the X-ray data. b OM1 and OR1 correspond to hydroxo and oxo ligands, respectively, in the EDO-and GOL-inhibited structures and to oxo ligands in the native structure.
c S7 and S8 are the sulfur atoms from the pyranopterin.
d O2 and C2 are, respectively, the oxygen and carbon atoms belonging to the alcohol molecules.
to the arsenite-inhibited form. 7, 8 Structural superposition of these models has been done with the CCP4MG program (rmsd values of the superposition are given in Supporting Information, Table  S1 ).
Regarding the protein structure, a few differences were observed in side chain positions and alternate conformations. A magnesium ion from the crystallization buffer, not identified previously in the native structure, was added to the two molecular models, as suggested by the STAN program. 43 This atom has a typical octahedral coordination to solvent molecules. The major differences between EDO and GOL structures, relative to the native structure, is the absence of the 2-propanol molecule, which was replaced by these molecules respectively, in similar positions at the active site (Figure 3) .The absence of electron density for the 2-propanol proves that the soaking strategy to remove it from the crystallization solution was successful.
By examining the active site in detail, it is possible to identify in the experimental 2F o -F c maps of both alcohol-inhibited structures the molybdenum atom coordinated to the dithiolene sulfur atoms from the pterin moiety and to an oxo group (OR1), similar to the native structure (Table 3 and Figure 3) . A hydroxo group (OM1H) at ca. 2.1 Å is replacing the apical oxo ligand found in the native structure. OM1H also establishes a hydrogen bond with the carbonyl oxygen atom of Ser 695. Furthermore, the distance between the dithiolene sulfur atoms (3.07 Å and 3.06 Å for EDO and GOL structures, respectively) also suggests that the Mo is partially reduced in both structures. This is in agreement with what has been described for studies with oxidized and reduced DgAOR, 11 where the S-S distances were 3.5 and 3.0 Å in oxidized and reduced structures, respectively. In the 2F o -F c maps, and in the region where the OH x ligand is found in the native structure, it was also possible to distinguish clear continuous electron density close to the metal atom in both structures, where a molecule of EDO and GOL, respectively, could be modeled. The distances between the metal and the surrounding atoms belonging to the two inhibitors are described in Table 3 and highly suggest a direct coordination to the Mo atom.
In the EDO structure, both C2 and O2 are involved in metal binding, at 2.4 and 2.7 Å from the molybdenum, respectively (Figure 3a) . The hydroxyl group of the alcohol (O2H) is hydrogen bonded to the apical ligand of the metal center (OM1H). Atoms S7, S8, and OR1 of the Mo site and C2 of the glycol are approximately coplanar. The C2-O2H bond of the EDO molecule is nearly perpendicular to this plane (the angles O2-C2-S7, O2-C2-S8, and O2-C2-OR1 are ca. 100°, 110°, and 85°, respectively). The other hydroxyl group (O1H) of EDO is hydrogen bonded to the carboxylate group of the conserved and mechanistically relevant Glu 869.
In the GOL structure similar features are observed and, in the experimental 2F o -F c maps, clear electron density corresponding to the GOL molecule is evident (Figure 3b) . However, GOL is bound to the metal atom in a different way than EDO. The C2 and O2 atoms of GOL are placed at 2.7 and 2.1 Å from Mo ion, respectively. The O2 atom coordinates the molybdenum in the position occupied by OH x in the native structure. Another significant difference between the two inhibited structures is the orientation of the inhibitor in the active site. The C2-O2 bond from GOL is in the plane defined by atoms S7, S8, and OR1 of the Mo site. The GOL molecule is also involved in a hydrogen bond network. O2 is at 2.4 Å from the amino group of Gly 697 (not shown), while O3 is hydrogen bonded to Glu 869.
A chain of internal water molecules present in the native structure of DgAOR is hydrogen bonded to the 2-propanol molecule. 17, 18 These water molecules are also observed in the two structures now determined and establish hydrogen bonds to one of the hydroxyl groups of the inhibitors.
Discussion
The members of the XO family are closely related proteins that show a high degree of homology in their amino acid sequences, which is reflected in their overall structures, coordination around the metal centers, and EPR properties. 3, 4 However, the fact that cyanide is a reversible inhibitor of DgAOR constitutes a remarkable difference with respect to the other XO family members. Kinetic data obtained from cyanidetreated samples and samples prepared from single crystals confirm that DgAOR does not need a sulfido ligand for catalysis, and hence the native structure corresponds to the enzyme active form. 17, 18 This conclusion is reinforced by the data now reported of the inhibited forms. The dithionite-reduced desulfo forms of bovine milk XO after reaction with EDO show an EPR signal called "desulfo-inhibited" which is similar to those of the two alcohol-inhibited forms of DgAOR (Figure 2) . 27, 52 This indicates that the Mo(V) species of DgAOR giving rise to these EPR signals also correspond to desulfo forms. The fact that EDO and GOL are reversible inhibitors of DgAOR is an additional proof that the sulfido ligand is not essential for catalysis in this enzyme. This finding implies that the role assigned to the sulfido group in XO, accepting the hydrogen attached to carbon of the substrate (either as a hydride or as a proton), should be accomplished by another Mo ligand in DgAOR. The best candidate for this role is the equatorial oxo ligand (OR1) of the native enzyme. This hypothesis is based on EPR studies of arsenite-inhibited DgAOR that showed that this oxo group is susceptible to protonation under reducing conditions. 8 The steady-state kinetic studies of DgAOR show that GOL is a competitive inhibitor, whereas EDO is a mixed inhibitor, although with a stronger competitive component. This is in line with the crystal structures of both alcohol-inhibited DgAOR, which show the inhibitors covalently bound to the active site. The kinetic data also show that cyanide is a competitive inhibitor of DgAOR. EPR experiments on cyanide-inhibited samples of DgAOR are inconclusive on a plausible enzyme-inhibitor interaction. X-ray studies on crystals of DgAOR soaked with cyanide would be necessary to understand the molecular basis of this inhibition process, but unfortunately, a suitable system for such study could not be obtained until now.
The crystallographic data reported here show that both alcohol inhibitor molecules bind the molybdenum atom, distorting the Mo center, which is in line with kinetic and EPR experiments. Kinetic data show undoubtedly that at high alcohol concentration the Mo-alcohol adducts are more stable than the square pyramidal complex of the native structure of DgAOR. X-ray studies show that both alcohol molecules are stabilized in their respective positions by a hydrogen bond with the O atom from Glu869 (see Figure  3) . A similar feature was also observed for the arsenite moiety in the structure of arsenite-inhibited DgAOR 7, 8 and for substrates in closely related proteins. 5, 13 Additional proof of the stability of the Mo-alcohol adducts is given by the fact that inhibitor molecules cannot be easily removed once they entered into the active site pocket, as indicated by the extensive washing necessary for the enzyme to regain activity. The fact that the EPR signals obtained with both alcohols depart considerably from the axial symmetry associated with Mo(V) complexes in square pyramidal coordination indicates distorted molybdenum sites for both alcohol-inhibited species. The paramagnetic Mo(V) species produced with EDO and GOL are obtained from a dithionite-reduced form of DgAOR followed by inhibitor addition. In contrast, the crystal structures now reported are obtained by reacting crystallized as-prepared enzyme with the inhibitor, which is assumed to have the Mo ion in the oxidized form. This indicates that either oxidized Mo(VI) or reduced Mo(IV) forms can react with the alcohol molecules, similar to what occurs for arsenite inhibition. 8 ENDOR studies of normal and deuterated EDOtreated XO detected a hyperfine coupling of 3.6 MHz (∼1.2 G) that was assigned to the protons of the CH 2 groups, confirming that the ethylene glycol is coordinated to Mo in the EPR-active species. 52 On the basis of this result, it was suggested that the Mo(V) ion is coordinated through both oxygen atoms of the alcohol moiety. Whether or not the EPRactive species presents a structure similar to those obtained by X-ray cannot be confirmed with the present data. X-ray structural determination of the EPR-active species would be necessary to elucidate this point.
Another remarkable feature of the EDO-and GOL-inhibited DgAOR is the larger magnetic coupling between FeS1 and Mo(V) when compared to dithionite-reduced DgAOR showing a slow-type signal. Magnetic coupling between two paramagnetic centers with S ) 1/2 and dissimilar g-values can be produced by superexchange interaction, anisotropic and antisymmetric exchange, and dipolar coupling. 53 The first interaction yields an isotropic splitting of the resonance lines when |J| < ∆g B, where J is the exchange interaction constant, ∆g is the difference between the effective g-factors of the interacting centers, is the Bohr magneton, and B is the external magnetic field, whereas the other three interactions give anisotropic splitting. As also previously noted in milk XO, 27 the major contribution to the splitting of the Mo(V) signals is isotropic, indicating that the through-bond-mediated superexchange interaction is the dominant one. As EDO-and GOL-inhibited structures do not show changes with respect to the native structure of neither the chemical paths connecting FeS1 and Mo nor the orientation of the FeS1 center, the only cause for the larger splitting of the EPR signal is a reorientation of the Mo(V) magnetic orbital upon inhibition to favor the magnetic interaction between both centers.
The chemical form of the alcohol ligands in the EDO-and GOL-inhibited structures can only be speculated from comparisons with other well-established structures. The electron density map suggests a sp 3 hybrid orbital on C atoms of GOL, but there is not enough information to determine the hybridization type of the orbital on the C atoms of EDO. For the GOL-inhibited DgAOR, the interaction with the Mo atom is mainly through the O2 atom of GOL. The distance Mo-O2 of 2.1 Å is in the range of what has been described for a Mo-O-R bond in model compounds (e.g., [MoO 2 {O 2 CC(S)Ph 2 } 2 ]
2-, where the Mo-O distances are 2.174 and 2.176 Å). 54 The Mo-C2 distance of 2.7 Å is larger than the typical Mo-C distances reported in model compounds (2.0-2.5 Å). However, it may be considered as a weak bond.
A different situation is observed for the EDO-inhibited structure, in which the continuous electron density between protein and inhibitor highly suggests direct binding between Mo and the C2 atom of the alcohol moiety. There are molybdenum organometallic model complexes that show similar values for this bond (e.g., 2.352 Å for [MoW(µ-P P h 2 ) { µ -C ( O H ) C ( C 6 H 4 M e -4 ) } -( C O ) ( η 7 -C 7 H 7 ) ( η 5 -C 2 B 9 H 11 )]). 55 The structural data suggest that the reaction between Mo and EDO implies a process similar to that proposed in the reaction mechanism (see Introduction and Figure 1 ), which would imply that one of the protons attached to the C2 atom is lost upon inhibition. However, the possibility that the interaction Mo-EDO is mediated by an agostic interaction cannot be excluded, i.e. a three-center-twoelectron Mo-H-C interaction, in which the electron density given to the Mo atom is given by the C-H bond. 56 As said above, the present quality of the electron density maps does not allow a clear identification of the chemical form of the alcohol molecule, and additional crystallographic and/or spectroscopic studies would be therefore necessary in order to unambiguously determine the binding modes of EDO in DgAOR. Interestingly, the structure of the Mo-EDO complex resembles in some way that proposed by Bray and Lowe for the paramagnetic "very rapid" intermediate of the reaction (Figure 1e ).
14 Although the present data can be taken neither as a confirmatory evidence of such a hypothesis nor an evidence against the base-assisted nucleophilic attack mechanism, they confirm that complexes showing a direct Mo-C interaction can be obtained under conditions of reversible inhibition. Hence, the formation of similar structures cannot be discarded as possible intermediates of the reaction.
Conclusions
The present kinetic data prove that DgAOR is a member of the XO family of enzymes that catalyzes aldehyde oxidation without a sulfido ligand coordinated to molybdenum. Structural data complemented with EPR studies on alcohol-inhibited DgAOR show that the nearly square pyramidal coordination of the as-purified enzyme is distorted on inhibition. This process involves the loss of the OH x ligand and the binding to the Mo atom of the alcohol molecule in a η 2 fashion, which is accompanied with changes in the electronic structure of the Mo site, favoring a larger magnetic coupling with the proximal FeS center. The most noticeable characteristic of the Mo-alcohol adduct is the formation of a direct bond between the molybdenum and one of the carbon atoms of the alcohol moiety, which constitutes the first direct evidence for such a bond in a biological system. Because of the competitive character of these inhibitors, changes in the coordination sphere of the molybdenum upon inhibition might be related to those occurring during catalysis, which is the subject of ongoing investigation.
